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Objective: To examine the association between the relaxation time (T1Gd) of delayed gadolinium-
enhanced magnetic resonance imaging of cartilage (dGEMRIC) and grade of tibiofemoral joint space
narrowing (JSN) and osteophytosis 11 years later, in a cohort of meniscectomized patients.
Design: Patients (n ¼ 45) aged 35e50 who had undergone an arthroscopic partial medial meniscectomy
1e6 years earlier, due to degenerative meniscal tear, were examined using dGEMRIC. These patients had
no cartilage changes deﬁned as deep clefts or visible bone at the time of arthroscopy. Eleven years later
(12e16 years after surgery) 34 of these subjects (76%) were evaluated by weight-bearing knee radiog-
raphy, and tibiofemoral joint changes were graded according to the Osteoarthritis Research Society In-
ternational Atlas.
Results: Lower T1Gd in the medial compartment was associated with higher grade of medial JSN (grade
0, 351 ms; grade 1, 386 ms; grade 2, 342 ms; grade 3, 259 ms [P for trend < 0.001]) and more osteo-
phytosis (score 0, 371 ms; score 1, 389 ms; score 2, 354 ms; score 3, 289 ms; score 4, 265 ms; score 5,
275 ms [P for trend ¼ 0.001]). Lower T1Gd in the lateral compartment was associated with higher grade
of lateral JSN (grade 0, 436 ms; grade 1, 346 ms [P for trend ¼ 0.026]).
Conclusion: The current study suggests that lower T1Gd measured with dGEMRIC of medial and lateral
femoral cartilage is associated with higher grade of JSN 11 years later, and medially, also with more
osteophytosis.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Isolated meniscal injury and meniscectomy in patients who
have suffered an anterior cruciate ligament injury are well-known
risk factors for the development of osteoarthritis (OA)1e5. Even
partial meniscectomy in subjects without an anterior cruciate lig-
ament injury appears to be a substantial risk factor for OA devel-
opment, as radiographically identiﬁed OA is seen in 20e60% of
patients 8e16 years after arthroscopic partial meniscectomy6,7.: H. Owman, Department of
almö, Sweden. Tel: 46-40-33-
an).
ternational. Published by Elsevier LGlycosaminoglycans (GAGs) are highly negatively charged sugar
chains that are covalently bound to a protein core, forming large
aggregating proteoglycans e aggrecan8. These negatively charged
GAGs attract sodium and water into the cartilage, creating a strong
osmotic pressure that is counterbalanced by the type II collagen
network. The depletion of GAGs, which are responsible for load
distribution and compressive stiffness, from articular cartilage is
believed to be an early event in the development of OA9.
Recent years, several magnetic resonance imaging (MRI) tech-
niques directed towards quantifying cartilage constituents have
emerged10,11. Delayed gadolinium-enhanced MRI of cartilage
(dGEMRIC) is a well-documented and validated imaging technique
used to estimate cartilage GAG content. In dGEMRIC, a negatively
charged contrast medium, gadolinium diethylene triaminetd. All rights reserved.
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Accepted invitation, n = 81
dGEMRIC
and baseline tests, n = 45
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Control group, n = 28
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Included in the 11-year follow-up
n = 34, radiography
Fig. 1. Flowchart showing the inclusion of patients and loss to follow-up.
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tributes inversely to the negatively charged GAG molecules in the
cartilage12,13. Gd-DTPA2 shortens the MRI relaxation time, T1,
allowing the GAG content to be estimated within a speciﬁed region
of cartilage14. A short (low) relaxation time (T1Gd) is indicative of
low cartilage GAG content.
In a previous investigation by our group, in which patients with
knee pain, normal radiography, and minor arthroscopic cartilage
changes were investigated using dGEMRIC at baseline, T1Gd was
found to be associated with radiographic OA six years later15. To the
best of our knowledge, no study has yet been performed to deter-
mine whether there is any association between relaxation time
measured with dGEMRIC and later grade of joint space narrowing
(JSN) and osteophytosis, both of which are well-known features of
radiographic OA. The purpose of the current study was, thus, to
examine the association between T1Gd of dGEMRIC and the grade
of JSN and osteophytosis 11 years after the dGEMRIC investigation,
in partially meniscectomized patients at risk of developing OA.
Method
Patients
In a previous study16,17, patients aged 35e50 years at the time of
inclusion, who had undergone arthroscopic partial medial menis-
cectomy 1e6 years earlier, were identiﬁed through the surgical
code system at Malmö University Hospital. Only patients able and
willing to participate in an exercise intervention lasting four
months, with dGEMRIC and physical tests before and after the
intervention, were included. Exclusion criteria were misclassiﬁca-
tion in the surgical code system (i.e., no meniscectomy), known
concomitant anterior cruciate ligament injury, cartilage changes
deﬁned as deep clefts or visible bone in the arthroscopy report, too
high a level of physical activity (being a competitive athlete), too
low an activity level (only walking indoors), a self-reported limiting
comorbid condition, and not being in the geographic area during
thewhole study period. Eighty-one patients accepted the invitation
to participate, and 56 who fulﬁlled the inclusion criteria were
enrolled in the study. Forty-ﬁve patients completed the baseline
tests and underwent dGEMRIC investigations, duringwhich a lower
GAG content was found in the medial meniscectomized compart-
ment than in the lateral reference compartment, as reported pre-
viously17. Thirty of these 45 patients completed the exercise
intervention program, in which patients were randomized to a
group that underwent supervised exercise three times weekly for
four months, or to a non-intervention control group. These results
have been reported earlier, and showed that articular cartilage has
the potential to adapt to changes in loading16. The 45 patients who
completed baseline testing in the previous study were invited to
participate in the current study, and 34 accepted (see the ﬂowchart
in Fig. 1). The loss to follow-up was 11 patients (24%), but they did
not differ from those included in the study group in terms of age,
sex, body mass index (BMI), or T1Gd. The Ethics Committee of the
Medical Faculty of Lund University approved the study, and written
informed consent was obtained from all subjects.
Surgery
The partial meniscectomy was performed arthroscopically by
different surgeons. All meniscus injuries were reported to be of
degenerative nature. Only the ruptured and degenerated parts of
the meniscus were excised. Arthroscopic ﬁndings were graded
according to the rating system recommended by the International
Cartilage Repair Society (www.cartilage.org)18. The status of the
cartilage in the medial femoral condyle was stated as normal in 23cases, shallow lesions were found in 19 cases, and four cases were
classiﬁed as localized full-thickness lesions. Thus no cartilage ab-
errations were deﬁned as deep clefts or visible bone. All lateral
compartments were reported to be normal.
dGEMRIC
An MRI examination was performed at the time of inclusion. A
1.5 T MRI system (Magnetom Vision; Siemens Medical Systems,
Erlangen, Germany) with a dedicated knee coil was used for the
examinations, as described previously13,19. Gd-DTPA2- (Magnevist,
Schering AG, Berlin, Germany) was injected at a dose of 0.3 mmol/
kg body weight approximately 2 h prior to the dGEMRIC investi-
gation. To increase the contrast medium distribution in the artic-
ular cartilage, the patient cycled for approximately 15 min on a
stationary bicycle, starting within 10 min of the contrast medium
injection14. Three-mm-thick sagittal single slices were positioned
in the central parts of the medial and lateral femoral condyles. T1
maps of these slices were generated, using sets of six inversion
recovery images with different inversion times (TI) ¼ 50, 100, 200,
400, 800, 1600 ms, with a repetition time (TR) ¼ 2000 ms, echo
time (TE) ¼ 15 ms, turbo factor 11, ﬁeld of view 120  120 mm2,
matrix 256  256. A full-thickness region of interest (ROI) was
drawn manually in the T1 images in both the medial and lateral
weight-bearing femoral cartilage, where OA lesions usually ﬁrst
appear20,21. The ROI values were subsequently used for relaxation
time (T1Gd) calculation. T1Gd was corrected for dosing bias
resulting from BMI, according to the formula: T1Gd
(corrected)¼ T1Gd (measured)þ 3(BMI-20)22. T1Gd does not seem
to correlate with either age or sex, hence no corrections were made
for these parameters23.
Radiography
Postero-anterior radiographs were obtained 11 years after the
initial dGEMRIC investigation, 12e16 years after the partial
meniscectomy, using a standardized knee position with the patient
standing with equal weight on both legs, with both knees at 20
ﬂexion, and weight-bearing, using a Siemens Aristos FX on a tilt
table (ﬁlmefocus distance 1.15 m). Radiographic assessment was
performed by two of the authors (HO and ME) blinded to the
clinical details. In cases of discrepancy, the radiographs were re-
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phytes were individually graded on frontal images using a 4-point
scale (0e3, 0¼ no evidence of JSN or bony change), according to the
Osteoarthritis Research Society International Atlas24. Medial and
lateral osteophyte scores were evaluated for each knee, consisting
of the sum of the femoral and tibial osteophyte grades in themedial
and lateral compartments, respectively (both ranging from 0 to 6).
Radiographic tibiofemoral OA was considered present if any of
the following criteria was fulﬁlled in either of the two tibiofemoral
compartments: JSN  2, osteophyte score  2, or JSN grade 1 in
combination with osteophyte grade 1 in the same compartment.
This deﬁnition approximates grade 2 knee OA based on the Kellgren
and Lawrence scale25.0 1 2 3 0 1 2 3
200
JSN grade
Medial Lateral
p < 0.001 p = 0.026
Fig. 2. T1Gd (ms) vs. grade of JSN for the medial and lateral compartments.Statistical analysis
Test for trend between T1Gd and radiographic changes (JSN
grade and osteophyte score) was evaluated using Cuzick’s exten-
sion of the KruskaleWallis test26. The Wilcoxon rank-sum test was
used to compare the OA group to the non OA group. A two-tailed P-
value  0.05 was considered statistically signiﬁcant.Results
Patient demographics and BMI
Of the 34 patients included in the present study, 20 were men.
Their ages were 50e61 years (mean 57) at the time of follow-up
radiography. Arthroscopic surgery had been performed at ages of
33e45 years (mean 41). The patients were included in the study 1e
5 years (mean 3.7) after surgery, when they were aged 38e50 years
(mean 46). BMI at follow-up ranged from 20.6 to 34.1 (mean 26.6).T1Gd and radiographic changes
At baseline, the T1Gd values for the group were in the range
231e562 ms medially and 313e542 ms laterally. The numbers of
knees with the various grades of JSN and osteophytes 11 years later
(12e16 years after surgery) are presented in Table I.400
500
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d
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s)JSN
Baseline T1Gd values (mean  SD) for the medial compartment
were signiﬁcantly different between the groups with medial
compartment JSN grade 0 (351 ms), grade 1 (386  48 ms), grade 2
(342  85 ms), and grade 3 (259  24 ms), P for trend < 0.001.
Signiﬁcant difference in T1Gd for the lateral compartment was also
found between lateral compartment JSN grade 0 (436  51 ms) and
grade 1 (346 32ms), P for trend¼ 0.026. None of the patients had
JSN grade 2 or 3 in the lateral compartment. The results are shown
in Fig. 2.Table I
Number of knees with each grade of JSN and osteophytes
Grade JSN
medial (n)
JSN
lateral (n)
Osteophytes
medial (n)
Osteophytes
lateral (n)
0 1 31 7 22
1 21 3 19 11
2 9 0 2 0
3 3 0 2 0
4 e e 3 1
5 e e 1 0
6 e e 0 0Osteophytes
Baseline T1Gd values (mean  SD) for the medial compartment
were signiﬁcantly different between the groups with medial
compartment osteophyte score 0 (371  34 ms), score 1
(389 67ms), score 2 (354 23ms), score 3 (289 24ms), score 4
(265  29 ms), and score 5 (275 ms), P for trend ¼ 0.001. No sig-
niﬁcant difference in T1Gd for the lateral compartment was found
between lateral compartment osteophyte score 0 (432  63 ms),
score 1 (423 43ms), and score 4 (362ms), P for trend¼ 0.16. None
of the patients had osteophyte score 2, 3 or 5 in the lateral
compartment or score 6 in either compartment. The results can be
seen in Fig. 3.
OA
Radiographic OA was observed in 27 patients, according to our
deﬁnition corresponding to Kellgren and Lawrence grade 2 or
worse. In these knees, the baseline T1Gd values (mean [95% CI]) for
the medial (361 ms [331e390]) and lateral (434 ms [414e455])
compartments were not signiﬁcantly different from the values in
the medial (368 ms [333e403]) and lateral (401 ms [335e467])0 1 2 3 4 5 0 1 2 3 4 5
200
300
Osteophyte score
T1
G
Medial Lateral
p = 0.001 p = 0.16
Fig. 3. T1Gd (ms) vs. osteophyte score for the medial and lateral compartments.
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(P ¼ 0.61 medial and 0.26 lateral).
Discussion
Considerable research efforts have been invested to develop
methodologies that can identify subjects at risk for OA. In the mid-
eighties the biomarker technology emerged. In the mid-nineties
new MRI methods appeared that for the ﬁrst time enabled mo-
lecular imaging in a way that up until then had not been possible.
One of these methodologies, dGEMRIC that has been used in
different research settings, seemed promising to monitor cartilage
quality in cross-sectional studies. However, prognostic longitudinal
studies have so far been scarce. We have demonstrated that
dGEMRIC T1Gd was associated with radiographic OA six years later
in patients with knee pain, normal weight-bearing radiography,
and arthroscopic cartilage changes ranging from superﬁcial ﬁbril-
lation to ﬁssuring and softening15. In another study, a low value of
T1Gd before correctionwith a periacetabular osteotomy in patients
with acetabular dysplasia of the hip was found to be a predictor for
joint failure three years later27.
In the present study of partially meniscectomized patients we
found lower T1Gd in themedial compartment to be associatedwith
higher grade of radiographic JSN and more osteophytosis medially
11 years later. Similarly, lower T1Gd in the lateral compartment was
associated with higher grade of lateral radiographic JSN, albeit this
compartment included only two JSN grades; 0 and 1. There was no
relationship between T1Gd in the lateral compartment and lateral
osteophytosis. These ﬁndings in a sample of meniscectomized pa-
tients with a long follow-up time support that a low T1Gd is
associated with increased risk of later radiographic OA develop-
ment. Indeed, OA occurred in the meniscectomized compartment.
The current study thus add evidence that dGEMRIC is a promising
method to estimate the future risk of developing OA.
Radiographic progression of JSN has been shown to be related to
cartilage loss, evaluated by conventional MRI28, and cartilage loss
escalates with higher grade of JSN29. This concurs with the asso-
ciation between T1Gd and future grade of JSN shown in this study,
as dGEMRIC is able to estimate cartilage GAG content. The mech-
anism behind the association between low T1Gd and osteophytes
found in the present investigation is unclear and needs to be
studied further. It has, however, been suggested that osteophytes
serve as markers for pre-existing cartilage loss, with future loss to
follow30,31.
In this study cohort that had undergone arthroscopic partial
meniscectomy, we found radiographic OA in almost 80% at follow-
up 12e16 years after the surgical procedure. This is a higher
occurrence of radiographic OA than the 20e60% reported in a
previous meta-analysis by Petty et al., and in a study by Englund
et al., 8e16 years after arthroscopic partial meniscectomy6,32. We
attribute this ﬁnding to patient selection, as the patients included
in the current study had suffered degenerative rupture of the
meniscus, which is associated with an increased risk of OA, as
compared to after a traumatic meniscal tear7.
Patients in the current study were initially included with the
aim to comprise a homogenous cohort. Accordingly, patients had
undergone a single type of surgery e arthroscopic partial medial
meniscectomy e and the patient age range is narrow e approxi-
mately 10 years. Furthermore, the cartilage status as judged by the
arthroscopy was without substantial lesions. This is uncommon in
longitudinal study cohorts of meniscectomized subjects, which
usually comprise a variety of surgical procedures, ranging from
arthroscopic to open surgery, and a variety of meniscal procedures,
from partial to complete meniscus resection. Still there are limita-
tions to the study that we would like to acknowledge. We have noradiographic examinations from the time of inclusion, as cartilage
status was graded based on arthroscopic ﬁndings. However, the
status of the cartilage in the medial femoral condyle was stated as
normal in 23 cases, shallow lesions in 19 cases, and localized full-
thickness lesions in four cases, making the likelihood of subjects
having radiographic OA changes minimal. In addition, all lateral
compartments were reported to be normal. The relatively small
study sample leads to small patient groups when divided according
to grade of JSN and osteophyte score, which in turn inﬂuences study
power. Also, relaxation times are affected by such effects as in-
homogeneities in the magnetic ﬁeld, which make absolute quan-
titation of relaxation times challenging.
In summary, the current study suggests that lower relaxation
time, T1Gd, measured with dGEMRIC of medial and lateral femoral
cartilage is associated with higher grade of JSN 11 years later, and
medially, also with more osteophytosis. As JSN and osteophytosis
are key features of radiographic OA it supports the notion that
dGEMRIC has the potential to predict OA development.
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